ABSTRACT: The chain-forming dinoflagellate Gymnodinium catenatum is responsible for outbreaks of paralytic shellfish poisoning (PSP); however, the relative importance of benthic-planktonic lifecycle transitions in the appearance of blooms of this species needs to be clarified. By coupling field and laboratory experiments, the present study is the first to analyze the dynamics of vegetative cells and sexual stages during a bloom of G. catenatum. In natural samples, the sexual stages of G. catenatum were associated with several different cellular behaviors and morphologies. This confirmed laboratory evidence for the reversibility of the species' sexual processes and for the ability of zygotes to either bypass or shorten the route to resting-cyst formation. Moreover, chains of up to 4 viable cysts with differing morphologies occurred and these have never been reported previously for this species. At least two of the cysts had reticulated surfaces, a feature related to sexual reproduction in previous studies; this observation suggests the involvement of sexual processes in mechanisms that cannot be explained by any known life cycle route depicted for this species. Morphological variability and abundance of the sexual stages during the bloom indicated the complexity of the G. catenatum sexual cycle and the important role of sexual reproduction in the ecological succession of this species. However, the lack of a dormancy period in the sexual resting stage (evidenced by the large number of germinated cysts in sediments sampled 3 mo after the bloom) indicated that the advection of offshore populations shoreward, rather than 'seed beds', is the main mechanism explaining G. catenatum bloom formation in the Galician rías.
INTRODUCTION

Gymnodinium catenatum
Graham is an unarmored, cyst-forming dinoflagellate responsible for outbreaks of paralytic shellfish poisoning (PSP). Life-cycle changes allow populations of this toxic alga to alternately inhabit the benthos and the plankton, transitions that are essential in regulating the initiation and decline of dinoflagellate blooms and, thus, of PSP outbreaks (Anderson et al. 1983) . Dinoflagellates comprise a diversified group of aquatic protists within which certain basic life-history traits appear to be largely conserved. Vegetative growth is by binary fission, but a sexual cycle has been demonstrated in an increasing number of species; in many cases the sexual process is related to formation of a resistant stage in which a so-called 'resting cyst' is formed (Beam & Himes 1980 , Pfiester 1989 . The common sexual cycle begins with the fusion of haploid gametes to produce a diploid zygote (planozygote) that remains motile for variable periods of time before sinking to the bottom and encysting. The cyst represents a dormant phase, which is followed by germination. Meiosis is thought to occur in the germlings (planomeiocyte), returning the offspring to the haploid vegetative state.
Knowledge of the specific life-history characteristics of many dinoflagellates is essential for reliable species identification (since some life-cycle stages in a single species are sufficiently different that they have been assigned to different taxa) as well as the ability to understand and forecast the onset and evolution of bloom events. This knowledge also provides insight into the genetic diversity and structure of dinoflagellates.
Several recent studies suggest that, in cyst-forming dinoflagellate species, sexual reproduction is independent of resting-cyst formation. For example, under culture conditions, motile planozygotes divide and produce motile cells (Uchida et al. 1996 , Figueroa & Bravo 2005a ,b, Figueroa et al. 2006a , 2007 . Additionally, planozygotes in these culture conditions may develop into temporal or resting cysts (Figueroa & Bravo 2005b , Figueroa et al. 2006a , fusing gamete pairs can divide before the cytoplasmic fusion is completed, and an asexual resting cyst has been described in Scrippsiella hangoei (Kremp & Parrow 2006) . These observations contribute to elucidating genetic structure and the capacity for adaptation in dinoflagellate populations, assuming that the potential for meiosis (i.e. sexual recombination) can be demonstrated at each of these lifecycle stages and not only at resting-cyst formation, as in cultures of Alexandrium minutum (Figueroa et al. 2007 ). Nonetheless, due to the difficulty in differentiating sexual from vegetative stages, the dinoflagellate life cycle has not been studied in natural samples but rather through culture experiments. Thus, a key question remains unanswered: Are the behaviors induced by culture conditions or are they also common cellular responses to the different environmental conditions found in nature?
The sexual cycle of Gymnodinium catenatum features several intriguing components; for example, the resting cyst of this species does not undergo a true dormancy period but usually germinates within a period of 15 d following cyst formation (Blackburn et al. 2001 , Figueroa et al. 2006a , even under dark conditions (Bravo & Anderson 1994) . Since prior formation of a resting cyst may not be necessary for meiosis (Figueroa et al. 2006a) , and long-term survival is also not assured by sexual cysts, the role of this stage of the life-cycle strategy is difficult to discern, given that temporary asexual cysts may be produced instead by a physiologically less costly process. In addition, sexual compatibility involves a complex heterothallic mating-type system (Blackburn et al. 2001) , which includes strains with and without the ability to self-fertilize (Figueroa 2005) .
Gymnodinium catenatum blooms have been reported repeatedly in distinct and widely separated regions along the western and southern coasts of the Iberian Peninsula and in the Atlantic coastal waters off northern Africa (Hallegraeff & Fraga 1998) . Off the Spanish Atlantic coast (the region of interest in the present study) the initial phase of G. catenatum blooms has been attributed to alongshore transport of offshore populations (Fraga et al. 1988 , Sardo et al. 2001 ).
Toxic episodes caused by this species in northern Iberian Atlantic waters frequently occur a few days after similar episodes to the south. Accordingly, there is a hypothesis that blooms in the north are transported from those in the south by the Iberian Poleward Current (IPC), which flows northwards on the shelf slope off the west coast of Iberia (Fraga et al. 1993 , Fraga 1996 . However, Crespo & Figueiras (2007) did not find evidence for the IPC-associated northward transport of Gymnodinium catenatum populations. Instead, these authors suggest that northward spreading was related to an interaction between the IPC, which causes the accumulation of coastal populations on the shelf, and microplankton succession, which follows a northward evolution and determines species composition. Furthermore, Sordo et al. (2001) suggest that G. catenatum populations are northwardly advected by an inshore northward current that has been detected following the coastline between Porto (Portugal) and the Galician rías.
Cysts of Gymnodinium catenatum have also been reported in sediments from coastal waters off the western Iberian Peninsula (Bravo & Ramilo 1999) , and other observations supported the hypothesis that cysts are the 'seeds' that inoculate algal blooms in this part of the region (Figueiras & Pazos 1991) .
The objective of the present study was to clarify the role of sexual reproduction in Gymnodinium catenatum blooms. To this end, we focused on the appearance of the sexual stages of this species from the onset to the end of the bloom and were able to obtain new, field-based information showing the existence of unknown life cycle stages and complex behaviours. Data on cyst germination are also presented. We discuss cellular behaviors associated with the naturally formed sexual stages in relation to those previously recorded under induced culture conditions.
MATERIALS AND METHODS
Study area. The Rías Baixas of Galicia are 4 bays on the NW Iberian Peninsula (Fig. 1) where harmful algal blooms of dinoflagellates are common (see for example Fraga 1984 . Intense upwelling events occur along this coast from April through October as part of the general upwelling system of the eastern North Atlantic (Fraga 1981 , Fiuza 1983 . The correlation between wind stress and coastal upwelling intensity is well-documented. Dominant northerly winds during the summer drive the surface waters offshore, injecting deeper waters into the Galician rías. When the winds change in autumn to southerly, the warmed offshore surface water moves towards the coast and downwelling areas are created in the mouths of the rías (Otto 1975 , Fraga 1981 . This downwelling process is thought to be favorable for the development of chain-forming dinoflagellate blooms made up of species such as Gymnodinium catenatum (Fraga et al. 1988) .
Hydrographic data and phytoplankton sampling. Upwelling indexes were calculated using wind speed and directional data measured every 6 h at a station located at 43°N 11°W in the eastern Atlantic Ocean (Lavin et al. 1991) . The upwelling index estimates the Ekman offshore transport of surface water along a transect parallel to the shoreline. The phytoplankton and physical data were collected within the framework of the Phytoplankton Monitoring Program carried out each year in the Galician rías by the Technological Institute for Marine Environment Control of Xunta de Galicia. Our study was performed during November and December 2005, when the Gymnodinium catenatum bloom in the area reached maximal cell density. Phytoplankton cell concentrations were estimated and temperature and salinity were measured weekly at 25 stations along the western Galician coast (Fig. 1) . Temperature and salinity profiles were obtained using a CTD Seabird 25. Integrated samples were taken using a pipe sampler (Lindahl 1986) from each station at depths of 0-5, 5-10, and 10-15 m. Water subsamples (25 ml) from each layer were immediately fixed with Lugol's iodine solution (Throndse 1978) . The number of G. catenatum cells in different life-cycle stages (vegetative cells, fusing gametes, planozygotes, cysts) were counted in the fixed samples using the Utermöhl method. Vegetative cells were easily identified by their chain-forming characteristics. Individual vegetative cells and planozygotes were separated by size and the presence of strongly Lugol's-stained starch granules. Cells in the process of fusion were distinguished by their 0°to 90°orientation to one another, following the criteria illustrated by Figueroa et al. (2006a) .
Isolation of sexual stages and germination studies. Live cells of different sexual stages (fusing gametes, planozygotes, and resting cysts) were isolated from the samples at 3 different times during the bloom (November 28, December 5 and December 19, 2005). We selected old planozygotes to avoid confusion with planomeiocytes (planozygotes that undergo encystment prior to division), which are similarly biflagellate but smaller and with lighter coloration (Figueroa et al. 2006a) . The behaviour of the motile zygotes was studied in planozygotes (n = 100) individually placed in tissue-culture plates (Iwaki, 6.4 mm diameter) filled with 300 µl of L1 medium (Guillard & Hargraves 1993) , and checked every second day for 35 d.
The following parameters were estimated from the isolated planozygotes, which were either encysted or divided:
• Division percentage: ratio of dividing to encysting planozygotes • Germination: excystment was defined as complete emergence of the protoplast from the cyst, even when the germling remained non motile (Anderson & Wall 1978) . Germination success was calculated as the ratio of cumulative excystment over 35 d to the total number of cysts isolated
• Minimum dormancy period: days from planozygote encystment to cyst germination • Offspring viability: cyst progeny that had divided beyond the 8-cell stage were considered viable, since this stage represents 1 successful round of mitotic division following meiosis (Blackburn et al. 1989) .
Nuclear staining. Cells were stained with 1:100 SYBR green in PBS 0.01M pH7 for 30 min, washed in PBS and observed in an epifluorescence microscope at 497 nm. Photographs were taken using a CANON EOS-D60 digital camera. Sediment sampling and cyst counting. Sediments were sampled in March 2006 at 19 stations in the Ría de Vigo, Spain. The sampling stations were regularly distributed in the area (Fig. 1) . Cylinders measuring 20 × 3 cm (length × diameter) were inserted into sediment collected with a box-corer. Samples were stored in the dark at 4°C; most samples were processed 1 wk after sampling. The first step was to siphon off the water without disturbing the sediment interface. Profiles were then cut at 1 cm intervals to quantify the concentration of cysts in the upper 6 cm. The sediment was sieved and a density gradient was established following the method of Bravo et al. (2006) . Gymnodinium catenatum cysts were counted from 3 ml subsamples in an Üthermol sedimentation chamber using a Zeiss Axiovert 135 inverted microscope at 400× magnification. The cysts were identified by their brown color, the presence of a microreticulate wall and their size (Anderson et al. 1988 , Bravo & Ramilo 1999 .
Statistical analyses. Scheffé's post hoc test was applied following ANOVA using Statistica V.6 program (Statsoft, 2001) . When the overall ANOVA F statistic is significant, Scheffé's procedure can be used to evaluate all a posteriori means contrasts (not only pairwise comparisons). Scheffé's procedure uses the F sampling distribution and, like ANOVA, is robust when data are normally distributed and variance is heterogeneous.
RESULTS
Bloom development
In the period from October 24 through the end of December 2005, vegetative cell concentrations of Gymnodinium catenatum peaked twice (Fig. 2) . The first peak occurred on November 8, on which date maximum concentrations were 634 × 10 3 cells l -1 at Ría de Muros and 143 × 10 3 cells l -1 at Ría de Pontevedra (see Fig. 1 for locations) . The second peak occurred on December 13 at Ría de Pontevedra, when concentrations were as high as 92 × 10 3 cells l -1 . These 2 peaks were associated with different oceanographic conditions. From the middle of October until November 8, upwelling indexes were negative, whereas from that date until the end of December several alternating upwelling and downwelling events occurred (Fig. 2) . The different upwelling/ downwelling conditions were reflected in differences in water column structure during each period. Warmer surface water from offshore moved into the rías during relaxation of the upwelling, producing a temperature reversal in the water column on November 8 (Fig. 3b) . Temperatures were >16.5°C in the rías during this phase of the bloom. In contrast, the temperature of deep cold water was ca. 13.5°C on December 14, and these conditions persisted in all water columns until the end of the month (Fig. 3d) . 
Life-cycle stages in living and Lugol's-fixed samples
In addition to vegetative cells, sexual stages of Gymnodinium catenatum were clearly visible in samples of living cells. An example of numerous zygotes forming resting cysts is shown in Fig. 4a .
Vegetative cells
Most vegetative chains comprised 2 to 16 cells, and cell sizes in the chains varied greatly (Fig. 4b) . Table 1 shows the mean cell sizes in the chains during different periods of the bloom. Mean size differences between the first (November until December 5) and late (December 13 to 20) phases of the bloom were significant (Table 1) . Small and large chains of cells were isolated and both yielded cultures of identical morphology that clearly corresponded to Gymnodinium catenatum as described by Hallegraeff et al. (1991) .
Fusing gamete pairs
Cells in the process of fusion were joined to one another at angles of 0 to 90° (Blackburn et al. 1989 , Figueroa et al. 2006a (Fig. 5a,b) . The presence of gametes was confirmed by nuclear staining, since the nuclei of gametes are parallel (Fig. 5a ), whereas those of vegetative divisions are arranged in a zig-zag pattern (Blackburn et al. 1989 ).
Planozygotes
Planozygotes were longitudinally biflagellate and had flattened apices, which is consistent with the descriptions of Blackburn et al. (1989) and Figueroa et al. (2006a) . The size of living planozygotes in the bloom (n = 23) (Fig. 5c ) ranged between 53 and 84 µm in length, and 31 and 59 µm in width. Lugol's-fixed planozygotes stained darker than both vegetative cells and gametes (compare Fig. 5d with Lugol's-fixed gametes in Fig. 5a,b) . Planozygotes (mean ± SD, 59 ± 7 µm long, 53 ± 7 µm wide) were also larger than individual vegetative cells (39 ± 8 µm long, 38 ± 7 µm wide).
Resting cysts
Microreticulate resting cysts (Fig. 5e) were identified following the description of Anderson et al. (1988) . Further confirmation was provided by the reticulation pattern of the empty cysts after germination (Fig. 5f,g ) and by germling identification (Fig. 5h) . No empty cysts were observed in water samples. Sizes of cysts obtained from sediments were very similar to those of cysts collected in the water (mean ± SD, 47 ± 4.5 µm, n = 23 and 48 ± 5.3, n = 160, respectively).
Two life-cycle stages not previously described in natural samples or in cultures were observed in samples isolated on November 28 and December 5 as follows:
Dividing fusing gamete pairs. Pairs of fusing gametes in which one cell was undergoing vegetative division before completion of the conjugation process (Fig. 6a) were recognized by the specific positioning of the cingula (Figueroa et al. 2006a ). The conjugating pairs were joined at the level of the cingula, which were oriented at about 90°.
Chains of cyst-like stages. We also identified and isolated chains made up of vegetative and cyst-like stages (Fig. 6b) and chains made up of 2, 3, or 4 cyst-like forms (n = 6) ( Fig. 6c-e) . Four main points summarize our observations of these stages after germination:
• All cyst-like chains isolated were viable, and typical Gymnodinium catenatum cells able to generate new cultures were produced by all germinations. • We observed synchronous (when the cysts of 1 chain germinated simultaneously) and asynchronous (when the cysts of 1 chain germinated at different times) germinations (Fig. 6f) .
• Reticulated and non-reticulated empty cysts remained after germination (Fig. 6f -h ).
• The maximum number of cysts observed per chain was 4, and the maximum number of reticulated cysts per chain was 2 (8 chains observed in total: 5 formed by 2 cysts, 2 formed by 3 cysts and 1 formed by 4 cysts).
Occurrence of sexual reproduction during the bloom
Only a few planozygotes were detected on November 1 at 3 stations in Ría de Pontevedra and Ría de Vigo. The number of planozygotes subsequently increased in all regions, particularly in the southern rías (up to 2.8 × 10 3 cells l -1 ), coinciding with the peak in vegetative cell number on November 8 (Fig. 2c) . The highest concentrations of planozygotes (11.5 × 10 3 cells l -1 ) occurred on December 13 at Ría de Pontevedra, following the second peak of vegetative cells on December 5 (Fig. 2c) . The sexual reproduction fractions (fraction of cells undergoing sexual reproduction) in each of the bloom periods were 0.03 in November and 0.23 in December. Planozygote distribution varied among rías, with a smaller proportion of planozygotes occurring in Ría de Muros concurrently with the highest vegetative cell concentration at that site on November 8 (Fig. 2b,c) . The distribution of cysts and fusing gametes tracked the planozygote trend (although at much lower cell concentrations). The characteristic microreticulate cyst of Gymnodinium catenatum was rarely seen in the water column except during bloom peaks when concentration maxima in Ría de Pontevedra reached 80 and 373 cysts l -1 in November and on December 13, respectively. These peaks coincided with maximum planozygote concentrations. 
Cyst concentrations in the sediment after the bloom
The distribution of cysts in sediments was studied only in the external part of Ría de Vigo (Fig. 1) . Maximum concentrations occurred in surface sediments (0-1 cm), with the exception of 1 station where the maximum occurred in the second depth interval (1-2 cm). Surface sediments contained an average (± SD) of 263 ± 243 cysts cm -3 wet sediment, whereas in the first 4 cm of sediment, the mean cyst concentration was 109 cysts cm -3 wet sediment. This value corresponds to an estimated 436 cysts cm -2 in the uppermost 5 cm of sediment in the area we studied. Empty and live cysts were present in the samples. The percentage of empty cysts depended on the sample (mean = 59 ± 23%).
Isolation of sexual stages and germination study
The isolated planozygotes followed one of 2 lifecycle routes: division or encystment. Only 12.5% of the planozygotes underwent division; those remaining encysted. Cyst size, dormancy period, germinability, and offspring viability were analyzed for the cysts that were formed. Significant differences among time periods occurred for all characteristics (Table 2) . Cyst sizes ranged from 35 to 59 µm, with the larger cysts (mean ± SD, 50.7 ± 5.3 µm) formed on December 19 (Table 2) . Dormancy period, germinability, and offspring viability differed between the first and the last day of planozygote isolation. The dormancy period of cysts obtained from the planozygotes isolated on the last day (8 d) was significantly longer than that of planozygotes isolated at the end of the first week of November (6 d) ( Table 2) , and the standard deviation was considerably larger. Germinability and viability of the offspring followed reverse trends. Germinability of cysts derived from planozygotes on the last day of isolation was only 60.5% compared to > 90% from cysts that had formed from planozygotes obtained on the other dates (Table 2) . Additionally, the viability of germlings obtained from late December cysts was almost 50% lower than that of the germling from cysts isolated on the first day (Table 2 ). In contrast, 90% of the cysts obtained from sediment underwent germination.
DISCUSSION
To our knowledge, this is the first study of sexual reproduction in Gymnodinium catenatum based on field samples collected during bloom conditions. The difficulty of these kinds of studies is well-known; sexual stages of dinoflagellates are extremely difficult to identify and differentiate from vegetative cells. We based our study upon information gathered from earlier experiments with culture material, in which individually isolated sexual stages were monitored and characterized (Blackburn et al. 1989 , Figueroa et al. 2006a , and upon characteristic features of Lugol's stained zygotes. The identification of different life-history stages allowed us to develop a more comprehensive understanding of the relationship between bloom dynamics in G. catenatum and environmental conditions.
Reproductive process characteristics
Although culture conditions are claimed to provoke unusual behaviors in the organism under study, our results suggest that studies of sexual reproduction in nature extend the conclusions drawn from observations of dinoflagellate cultures, with important consequences for interpreting the dynamics and genetic structures of blooms. In the last decade, there has been accumulating evidence that sexual reproduction and resting-cyst formation are not necessarily linked processes. Indeed, the division capacity of planozygotes has been confirmed in several species, such as Scrippsiella trochoidea (Stein) Loeblich (Uchida 1991) , Gyrodinium instriatum Freudenthal & Lee (Uchida et al 1996) , Gymnodinium nolleri Ellegaard & Moestrup (Figueroa & Bravo 2005a) , Gymnodinium catenatum Graham (Figueroa et al. 2006a) , Lingulodinium polyedrum (Stein) Dodge (Figueroa & Bravo 2005b) , and Alexandrium minutum Halim (Figueroa et al. 2007 ). These studies suggest that the formation and fate of different life-cycle stages are determined by many variables including genetic, nutritional and cell density factors, and that the benefits of sexual recombination can be achieved by routes that are faster than longterm encystment. For example, planozygote division is triggered in G. catenatum when nutrients are added to the deficient medium in which they were formed, suggesting that the new conditions obviate the need for encystment (Figueroa et al. 2006a ). These authors described identical nuclear morphologies in dividing planozygotes and planomeiocytes (planozygotes which undergo encystment prior to division), a finding which implies that meiosis is associated not only with cyst formation but also with planozygote division. In support of this assertion, inheritance studies have recently linked this route to meiosis (Figueroa et al. 2007 ). Furthermore, Figueroa et al. (2006a) were able to demonstrate division of fusing gamete pairs before the end of syngamy. Some of the fusing gamete pairs did not form planozygotes and, when a sudden nutritional change was made in the culture medium, the gamete pairs underwent a division process before completing cytoplasmic fusion. These observations were explained as a versatile behavior of sexual stages of G. catenatum, i.e. one that allows bypassing or shortening the resting-cyst formation route in response to external conditions becoming benign or much more adverse, respectively.
We confirmed these behaviors by observations of both the division capacity of Gymnodinium catenatum wild planozygotes and fusing gamete pairs isolated from a bloom. These facts, as well as other previously unreported aspects of G. catenatum's life cycle, such as the presence of chains of cyst-like stages, support the conclusion that sexual reproduction is not occasional and unidirectional, but rather a frequent and flexible route. The existence of this sexual flexibility might have important implications. In earlier studies (Blackburn et al. 1989 , 2001 Figueroa et al. 2006a , reticulate walls were only observed after sexual fusion. If this is the case, then the way in which these chains of cystlike stages are formed is yet to be resolved. Two main mechanisms can be hypothesized:
(1) The chains are formed by fusion, either of gametes with vegetative chains, between 2 different chains, or within 1 chain. This last mechanism would be similar to the formation of cyst chains described for the myxobacterium Chondromices thaxteri (Faull 1916) , in which there is fusion between neighboring cells.
(2) They are formed by the encystment of diploid cells (planozygote or planomeiocyte) after the first meiotic division. In Gymnodinium catenatum, zygotes are thought to undergo a 2-step meiosis (Figueroa et al. 2006a ) since mobile zygotes and planomeiocytes yield a biflagellated 2-celled chain after the first meiotic division (Fig. 7) ; later, in the second meiotic division, this chain gives rise to a 4-celled chain of longitudinally monoflagellated cells. Thus, cells in the first 2 chains might be diploid (2n-2n), whereas the ensuing 4-cell chain should be haploid (n-n-n-n). Since diploid cells are the only ones linked to the formation of reticulated cysts in this species (Blackburn et al. 1989 , Figueroa et al. 2006a , the encystment of a 2-celled chain may be a plausible explanation. How a 4-celled chain of cysts could be formed in this case is unknown, but the maximum number of reticulated cysts per chain observed in this study was 2.
Evidence leading to acceptance of either of these hypotheses will force us to revise our concepts of 'gametes' or 'planozygotes' within the sexual reproduction of dinoflagellates.
Resting-cyst formation and germination
Samples containing live specimens obtained on 3 different occasions during the blooms provided us with large numbers of planozygotes that were easily recognizable by their color, size, shape and the presence of double longitudinal flagella. After their transfer to replete medium, 12.5% of the planozygotes divided, implying that this process, until now described uniquely in culture, also takes place in nature (although the percentage was significantly lower than that observed in culture) (Figueroa et al. 2006a ). Figueroa et al. (2006a) observed division mainly in newly formed planozygotes (< 24 h), which suggests that the capacity for division is lost over time. The present study focused on old planozygotes, which are darker, larger and have 2 longitudinal flagella, properties that make them easier to identify and thus allow correct isolation from a natural sample. Therefore, our data lead to the conclusion that old planozygotes lose their ability to divide. We also found that cyst viability decreases towards the end of the bloom. This is coupled with an increment in the size and dormancy period of the cysts formed by the isolated planozygotes. The size of cysts isolated from sediment samples ranged from 34 to 62 µm, and the viability of cysts smaller than 40 µm was relatively low. According to our results, a size range of 40 to 50 µm might be optimal for offspring survival.
Consequences for population dynamic studies
Seasonal blooms of Gymnodinium catenatum in Galician waters are thought to develop offshore and move to the Galician rías when a relaxation of the upwelling drives the bloom inshore (Fraga et al. 1988 , Crespo et al. 2006 . Since upwelling in this region is seasonal, the inshore occurrence of the blooms is related to the seasonality of upwelling. Different mechanisms have been proposed to explain the source of the blooms in the area: (1) vegetative cells are transported from the south by the IPC (Fraga 1996) or by an inshore northward current (Sordo et al 2001) ; (2) the IPC causes the accumulation of G. catenatum populations on the shelf and the species appears in the north simply as a consequence of latitudinal progress in microplankton succession (Crespo & Figueiras 2007) ; (3) germination of resting cysts from the sediment is a source of blooms in the water column (Figueiras & Pazos 1991 , Crespo 2007 .
Gymnodinium catenatum cysts are distributed among the sediments of the continental shelf (Hallegraeff & Fraga 1998 , Bravo & Ramilo 1999 . Our data confirm that the seeding of cysts occurs in these sediments during a bloom and probably extends to an even wider zone. However, the fact that only 3 mo after the bloom 59% of the cysts (on average) were empty implies that germination occurred during winter and spring, i.e. germination did not coincide with any bloom in the region or in the following months (data from Phytoplankton Monitoring Program). Bravo & Ramilo (1999) also reported that the majority of cysts in the sediment after the 1993 bloom were empty, suggesting that G. catenatum resting cysts were not likely 21 Fig. 7 . Two-celled chain formed by planomeiocyte division; note the posterior cell has 2 longitudinal flagella (arrows).
Scale bars = 10 µm to seed subsequent blooms. These observations support the hypothesis that the blooms of G. catenatum in Galician rías are most likely caused by an inoculum derived from offshore vegetative populations. In addition, the above-described reproductive process and the short dormancy period together suggest that sexual reproduction in this dinoflagellate is frequent and independent of cyst formation, which is a fast recombination stage not related to long-term survival or seasonal germination cycles. Supporting this hypothesis is the high local genetic variability reported for G. catenatum strains from Galicia and the south of Spain (shown by RAPD analysis, Ordás et al. 2004) . High genetic variability is known to increase the odds of survival in changing environments that are encountered in the wide geographic area where G. catenatum is found. Moreover, a contribution of germlings from cysts (at least to some extent) to growing offshore populations cannot be ruled out; these offshore populations may be introduced into the rías by hydrological events. Crespo (2007) suggested that vegetative cells arising from the germination of cysts in sediments of the rías are transported offshore during upwellings and introduced into the rías during autumn downwellings, such that the inshore appearance of blooms is independent of the IPC. The highest abundance of sexual stages was associated with low temperatures measured in December, when a series of small upwellings occurred after a period of relaxation in November. Cysts of Gymnodinium catenatum were detected in the water column in 1986 during the most intensive bloom ever reported in the rías, which also coincided with a minimum water temperature (unpublished data from Phytoplankton Monitoring Program). Although there is no information on encystment factors for this species, temperature is known to affect the encystment of some dinoflagellate species (Anderson et al. 1985 , Nagai et al. 2004 .
Our data support the theory that cyst beds do not play a definitive role in the formation of blooms in the rías; instead, relationships between sexual reproduction and environmental conditions are probably important elements for the success of this harmful species. Further studies are needed to determine the factors inducing sexual reproduction in Gymnodinium catenatum and to confirm the role of temperature in its life cycle. 
